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Simulation of particle dispersion in gas-particle two-phase turbulent 
planar jet using random vortex method 
Yi-Shao Lin 
1.中文摘要 
本研究係應用渦流法模擬單一噴口之固-氣兩相噴流流場。藉由模擬結果
得知小粒子較能跟隨流場的渦流結構運動，大粒子則沿渦流外圍結構運
動。當粒徑增大至某一程度，因粒子本身慣性緣故，粒子將直接穿越渦
流結構而不受其影響。從速度曲線與粒子分佈曲線來看，對於小粒子，
在噴流初始區內主要受 x 方向速度分量影響而形成類似勢流錐的分佈，
越往下游則 y 向速度分量與紊流效應越明顯，造成 x 方向粒子與速度分
佈曲線不契合的現象。對於大粒子而言，y 向速度分量與紊流效應相對小
於其慣性效應，固影響其粒子分佈的因素為 x 向之速度分量。 
關鍵字：兩相流、平面噴流、渦流法 
 
2.英文摘要 
This study performs a series of simulations using the random vortex method to investigate 
the dispersion characteristics of small, intermediate and large particles in gas-particle 
two-phase turbulent planar jets. The numerical results reveal that the motion of the small 
particles is closely related to the dynamics of the large-scale vortex structures. As a result, 
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the particles are drawn into the central region of the coherent vortices. By contrast, 
centrifugal effects result in the intermediate sized particles being distributed primarily 
around the periphery of the vortex structures. Finally, the large particles pass through the 
main flow region with little lateral dispersion due to their greater inertia. In the initial 
region of the jet, the dispersion contours of the smaller particles are in good agreement 
with the mean streamwise velocity profile. However, downstream of the potential core, the 
transverse velocity component of the flow and turbulence fluctuations exert a greater effect 
on the particle motion and cause the particle dispersion contours to diverge from the 
velocity profiles. As the particle size increases, these factors exert a lesser effect on the 
trajectories of the particles due to their greater inertia, and thus the particle dispersion 
contour remains in good qualitative agreement with the mean streamwise profile. 
Keywords: Two-phase, Single jet, Vortex method 
 
3.緣由與目的 
Gas-solid two-phase free turbulent jets occur in a variety of natural phenomena and 
engineering applications, including cyclones, aerosol transport and deposition, coal 
combustion, plasma spray coating, and so forth. Many experimental and numerical 
investigations have been performed to investigate the particle dispersion characteristics of 
such flows. In general, these studies have revealed that turbulent flows such as jets, wakes 
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and mixing layers, are characterized by the presence of large-scale coherent structures, 
which govern the momentum and energy transportation characteristics of the flow [1,2,3,4]. 
Crowe et al. [5,6] found that the dispersion of particles in free shear flows is dominated by 
the relative responsiveness of the particles to the dynamics of these flow structures. 
Furthermore, the authors proposed a method for classifying the motion of the particles 
based upon their Stokes number, defined as the ratio of the aerodynamic response time of 
the particles to the characteristic time of the fluid. Subsequent researchers confirmed the 
validity of the proposed classification method for various types of free turbulent flows, 
including turbulent mixing layers, round free jets and plane wakes [7,8,9]. In the case of 
free turbulent flow, Longmire and Eaton [10] indicated that particle dispersion is governed 
by the formation, growth and pairing processes of large vortex structures. Uthuppan et al. 
[11] suggested that particle dispersion in transient axisymmetrical jets is a function mainly 
of the particle inertia and the vortical and centrifugal effects exerted by the vortex 
structures in the flow. Squires and Eaton [12] demonstrated a preferential concentration of 
particles in the high-strain-rate, low-vorticity regions of the turbulent flow, within which 
the Stokes number approaches unity.  
The current study employs the numerical scheme based on the random vortex method 
and a Lagrangian algorithm to simulate the dispersion of small, intermediate and large 
particles in a gas-solid two-phase planar jet. The correlation between the mean streamwise 
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velocity profile and the particle distribution is examined at various cross-sectional planes 
of the jet. Finally, the degree of particle dispersion in the downstream direction of the jet is 
quantified by computing the variance of the particle distribution in the lateral direction.  
 
4. 結果與討論 
The simulations focus upon the flow structures and the particle dispersion 
characteristics within a rectangular area measuring DD 2035 ×  located downstream of the 
nozzle exit. The non-dimensional time step, T∆ , is specified as 04.0 and vortex elements 
are released into the simulation domain from the edges of the nozzle at each time step. The 
Reynolds number, which represents the combined effects of the inflow velocity, the nozzle 
width and the kinematic viscosity, is assigned a value of 4102 × .  
Initially, the gas phase is injected with a non-dimensional velocity of 0.1=EU  into a 
quiescent environment. Once the gas phase has attained a state of statistical steadiness, 21 
particles are loaded statically and uniformly from the nozzle exit into the simulated flow 
during each time step. In order to evaluate the effect of the particle size on the particle 
dispersion characteristics, the simulations consider three different particle diameters, 
namely Dd p 0002.0= , Dd p 001.0=  and Dd p 005.0= , respectively, with corresponding 
Stokes numbers of 0.038, 0.94 and 23.6, respectively. 
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4.1 Particle dispersion contours 
Figs. 2 and 3 present global and local views of the particle distribution contours, 
respectively. Note that the black points in both sets of figures indicate the individual 
particles, while the colored contours represent the vorticity in Fig. 2, and the blue arrows 
represent the velocity vector of gas phase in Fig. 3. Figs. 2(a) and 3(a) show that the 
distribution contours of the small particles ( Dd p 0002.0= , 038.0=St ) are in close 
agreement with the vortex structures.  Furthermore, it can be seen that the small particles 
enter the core vortex regions since their response time ( pτ ) is shorter than the gas 
characteristic time scale ( gτ ), and thus they have sufficient time to respond to the turbulent 
structure. Figs. 2(b) and 3(b) illustrate the distribution of the intermediate sized particles 
( Dd p 001.0= , 94.0=St ). In this case, the value of pτ  approximates that of gτ , and 
hence the particle dispersion is determined by both the particles’ inertia and the dynamic 
characteristics of the large-scale vortex structures. The centrifugal force exerted by the 
vortices causes these particles to be centrifuged out of the vortex core and as a result the 
particles concentrate at the boundaries of the rotating vortex structures. Finally, Figs. 2(c) 
and 3(c) show that the large particles ( Dd p 005.0= , 6.23=St ) pass through the main 
flow region with little lateral dispersion due to their greater inertia and response time. 
Overall, Figs. 2 and 3 imply that the motion of the current particles is strongly related to 
their degree of responsiveness to the dynamics  of the large-scale turbulent structures 
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formed within the jet. Above results are consistent with the experimental and numerical 
results presented in the literature [10,11,12]. 
  
4.2 Effect of particle size on particle distribution  
To quantify the dispersion of the particles at different streamwise locations, an area 
weighting method is used to estimate the number of particles at each grid node. Fig. 4 
illustrates a representative example in which particles 1P , 2P , … and kP  lie within a 
rectangular grid cell bounded by nodes 1G , 2G , 3G  and 4G . At node iG , where i =1~4, 
the number of particles iGN  is determined in accordance with 
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where the area of the cell is given by jjjj AAAAA 4321 +++= . 
Fig. 5 shows that at the beginning of the jet (i.e. 1/ =Dx ), a significant particle 
clustering effect takes place, particularly in the case of the larger-diameter particles (See 
Fig. 5(d)). This clustering phenomenon can be attributed to the particle inertia effect and 
the particle loading method, respectively. Figs. 6 and 7 illustrate the mean streamwise 
velocity profiles of the gas and the particle distribution contours in the developing region 
of the jet, respectively. In this region, turbulent mixing takes place with the surrounding 
fluid, and thus the mean velocity profile of the gas gradually spreads in the transverse 
direction, while simultaneously reducing in the streamwise direction. Although the lateral 
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velocity component is enhanced in this region of the jet, the streamwise velocity still 
exceeds the transverse velocity. Figs. 6 and 7 show that the tendencies of the particle 
distribution contours are broadly similar to those of the mean streamwise velocity profiles. 
However, the larger particles are concentrated within a narrower range due to their greater 
inertia. 
To obtain a better understanding of the particle dispersion in the region downstream 
of the potential core of the jet, Figs. 8, 9 and 10 present the normalized mean streamwise 
velocity profile and the particle distribution contours for particles of diameter Dd p 005.0=  
and Dd p 001.0=  at positions located in the range 14~10/ =Dx . Note that in these 
figures, the mean velocity (U ) and the number of particles ( N ) are normalized by the 
maximum mean velocity ( maxU ) and the maximum number of passed particles ( maxN ), 
respectively. Additionally, the length scale ( y ) is normalized by the half-width of the 
nozzle ( b5.0 ). Comparing Figs. 9 and 10, it is found that the particle distribution contours 
of the larger particles exhibit a greater degree of similarity to the mean velocity profile than 
the smaller particles. This result arises because the larger particles have a greater inertia 
and are therefore less sensitive to the transverse velocity component and to turbulence 
fluctuations.  
The degree of particle dispersion in the downstream direction of the planar jet can be 
quantified by computing the variance of the particle dispersion in the lateral direction at 
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any streamwise position in accordance with  
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where iY  is the y-coordinate value of the ith grid node at the specified streamwise 
position Dx / , in  is the total number of particles which pass this position during the 
course of the simulation, and iµ  is the mean y-coordinate value of these particles and is 
estimated by 
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In general, the characteristic time scale of the gas increases along the downstream direction, 
and therefore the dispersion of the particles is enhanced. Consequently, for particles of all 
sizes, the variance of the particles in the lateral direction increases along the downstream 
direction, as shown in Fig. 11. In addition, the responsiveness of the particles to the 
dynamic characteristics of the turbulence structures reduces as the particle diameter 
increases, and therefore the variance of the particle dispersion also reduces with increasing 
particle diameter. Fig. 11 shows that the variance profiles become steeper in the region of 
the jet downstream of the potential core. This result implies that the dispersion of the 
particles is affected more strongly by the transverse velocity of the flow and by turbulence 
fluctuations in this particular region of the jet.. 
 
 10
5.計畫成果自評 
This study has conducted a series of numerical simulations using the numerical scheme 
based on the random vortex method and a Lagrangian algorithm to investigate the 
dispersion characteristics of small, intermediate and large particles in a gas-particle 
two-phase turbulent planar jet. The major findings can be summarized as follows: 
(1) The dispersion properties of the particles as they move downstream are governed 
primarily by their degree of responsiveness to the dynamics of the large-scale vortex 
structures formed in the jet stream. The smaller particles have a low inertia, and hence 
a good agreement is observed between the particle distribution contour and the mean 
streamwise velocity profile. Furthermore, the smaller particles are drawn into the 
central region of the vortices. By contrast, the intermediate particles, with a higher 
inertia, are driven out of the core regions of the vortices and aggregate at the 
boundaries of the rotating structures. Finally, the large particles are essentially 
insensitive to the dynamics of the large-scale flow structures and therefore pass through 
the main flow region with no more than a slight lateral dispersion.   
(2) The degree of agreement between the particle distribution contour and the mean 
velocity profile in the streamwise direction is governed by the respective effects of the 
transverse velocity component and turbulence fluctuations. For small particles, the 
degree of similarity between the two profiles reduces in the downstream direction due 
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to their lower inertia. However, the dispersion profiles of the intermediate and large 
particles remain in good qualitative agreement with the mean velocity profile due to 
their more limited response to the transverse velocity component and turbulence 
fluctations, respectively.  
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7.圖 
 
Figure 1.  Flow configuration  
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(a) 
 
(b) 
 
(c) 
Figure 2. Particle distribution contours for particle diameters of: (a) Dd p 0002.0= , (b) 
Dd p 001.0= and (c) Dd p 005.0=   
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(c) 
Figure 3. Enlarged view of particle distribution contours around vortex for particle 
diameters of: (a) Dd p 0002.0= , (b) Dd p 001.0=  and (c) Dd p 005.0=   
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Figure 4. Schematic representation of computational grid cell. 
 
Figure 5. Mean streamwise velocity profile and particle distribution contours 
at 1/ =Dx : (a) mean streamwise velocity of gas, (b) particle 
diameter Dd p 0002.0= , (c) particle diameter Dd p 001.0=  and (d) 
particle diameter Dd p 005.0=  
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Figure 6. Mean streamwise velocity profile and particle distribution contours at 10/ =Dx . 
(a) mean streamwise velocity of gas, (b) particle diameter Dd p 0002.0= , (c) 
particle diameter Dd p 001.0=  and (d) particle diameter Dd p 005.0= . 
  
Figure 7. Mean streamwise velocity profile and particle distribution contours at 15/ =Dx . 
(a) mean streamwise velocity of gas, (b) particle diameter Dd p 0002.0= , (c) 
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particle diameter Dd p 001.0=  and (d) particle diameter Dd p 005.0=  
 
Figure 8. Normalized mean streamwise velocity profiles at 10/ =Dx ,11,12 ,13  and 14  
 
Figure 9.Normalized particle distribution contours for particles of diameter Dd p 001.0=  
at 10/ =Dx ,11,12 ,13  and 14  
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Figure 10. Normalized particle distribution contours for particles of diameter 
Dd p 005.0=  at 10/ =Dx ,11,12 ,13  and 14  
 
Figure 11. Variance of particle dispersion in lateral direction as function of particle 
diameter and downstream position. 
 
 
